Abstract-In this paper, we study the influence of elastic and inelastic phonon scattering on the drive current of Si MOSFETs under quasi-ballistic transport. Inelastic phonon emission involving energy relaxation helps achieve ballistic current, even in the presence of scattering, if the channel length is scaled down to the 10-nm scale. This result agrees with Natori's previous predictions. However, for longer channel devices, inelastic phonon emission degrades the drain current due to space charge effects caused by charge accumulation. We also demonstrate that source-end potential engineering to electrically reduce the bottleneck barrier length can result in a ballistic current even in longer channel devices.
I. INTRODUCTION
O WING TO significant advances in lithography technology, the channel length of Si MOSFETs has been scaled down to the sub-10-nm regime [1] . Because the frequency of carrier scattering is diminished in such ultrashort devices, carrier transport becomes ballistic [2] - [5] , and a drive current enhancement is expected [6] , [7] . In this paper, we study the influence of phonon scattering on the drive current of MOSFETs under quasi-ballistic transport. The electrical characteristics are computed using a quantum-corrected Monte Carlo simulation [7] - [9] .
First, we study the roles of elastic and inelastic phonon scattering on the drive current. In quasi-ballistic transport, the channel current is degraded from the ideal ballistic limit due to backscattering processes toward the source electrode. According to Natori [2] , [10] - [12] , only carriers backscattered by the elastic process can return to the source electrode because carriers suffering inelastic emission processes, which mostly lose a few multiples of the thermal energy kT , never get over the potential barrier back to the source electrode. Because the inelastic emission probability is far larger than the elastic and Manuscript received August 8, 2007 ; revised May 2, 2008 . This work was supported by a NEDO/MIRAI project. The review of this paper was arranged by Editor S. Datta.
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Digital Object Identifier 10.1109/TED.2008.927384 inelastic absorption probabilities, inelastic emission processes may improve the ballisticity [11] , [12] . This interesting phenomenon is important for the practical design of ballistic MOSFETs, so we quantitatively examine this prediction using a quantum-corrected Monte Carlo device simulator. We find that inelastic emission processes do indeed help to achieve a ballistic current, even in the presence of scattering, if the channel length is reduced to the 10-nm scale. On the other hand, for longer channel devices, the inelastic emission process degrades the drain current because the source-end bottleneck barrier is enlarged by the associated charge accumulation. In the last part of this paper, we discuss a possibility for enhancing the ballisticity by electrically narrowing the bottleneck barrier in long-channel devices.
II. ROLES OF ELASTIC AND INELASTIC PHONON SCATTERING
A. Qualitative Description Fig. 1 shows the characteristics of elastic and inelastic phonon scattering related to carrier transport. Carriers are injected into the channel with kinetic energy on the order of kT , and they suffer elastic and inelastic scattering events in the channel. The total kinetic energy of a carrier is conserved before and after elastic scattering, whereas it is significantly altered by inelastic scattering via phonon absorption and emission processes. In Fig. 1 , the inelastic phonon energies ω's and the deformation potentials D's are indicated [13] . As is well known, the g-longitudinal optical (LO) phonon with ω = 61 meV is dominant. As a consequence, the inelastic phonon emission is suppressed at the beginning of the channel because the carrier energy is initially too small. In addition, phonon absorption is rare at ordinary temperatures, so that elastic scattering (such as of acoustic phonons) dominates at the beginning of the channel, and occasionally returns carriers back to the source. If a carrier survives this region, it is subsequently exposed to frequent optical phonon emission and immediately loses energy in multiples of kT (mostly ω g−LO = 61 meV). Because the carrier then has little chance of returning to the source and is eventually absorbed into the drain, the current is reduced from its ballistic value only because of backscattering at the beginning of the channel. Based on these ideas, Natori has suggested that inelastic emission suppresses backscattering and improves the ballisticity [11] , [12] . In this paper, we examine Natori's prediction using a quantum-corrected Monte Carlo simulation described in the next section.
B. Monte Carlo Approach
In this paper, we consider only phonon scattering in order to test Natori's prediction. Surface roughness scattering is not included. We performed Monte Carlo simulations under the following different scattering conditions in the channel region: 1) no scattering processes; 2) only elastic processes; 3) elastic + inelastic emission processes; 4) elastic + inelastic emission and absorption processes. Elastic processes represent intravalley acoustic phonon scattering, whereas inelastic processes are intervalley phonon scattering due to the inelastic phonons shown in Fig. 1 . Cases 1) and 4) correspond to a ballistic channel and to an actual MOS-FET channel, respectively. In the source and drain electrodes, all scattering processes (including plasmon scattering [9] ) are included to activate the rapid decay of hot electrons in the electrodes. In particular, plasmon scattering ensures that the carrier distribution relaxes to an equilibrium distribution in a very short distance [6] . The redistribution of electric charges and of the electrostatic potential due to each scattering mechanism was examined by solving the 2-D Poisson equation selfconsistently. Degeneracy effects are incorporated in a manner such that a distribution function f ν (k, r) is tabulated at each location throughout the device, and any scattering processes are rejected if the final electron state and band index ν are such that 1 − f ν (k, r) ≤ η, where η is a random number between zero and one [7] .
The simulated device is shown in Fig. 2 (a), using a doublegate and ultrathin body structure (T Si = 3 nm) to suppress short-channel effects. For simplicity, the gate tunneling effect is neglected. A metal gate is employed, and its work function is taken to be 4.42 eV. The donor concentration in the source and drain regions is set at N D = 1.0 × 10 20 cm −3 , and the channel region is assumed to be undoped. The channel length is variable, and the temperature is 300 K.
The electrical characteristics were computed using the Monte Carlo device simulator with quantum mechanical correction (MONAQO) developed at Kobe University. In this method, the equations of motion for particles in free flight are given as
The particles evolve not only due to the classical potential U but also due to the quantum correction U QC ν represented as [7] -[9]
where the index ν = (1, 2, . . . , 6) denotes the six equivalent valleys in the silicon conduction band shown in Fig. 2(b) . Here, n ν represents the carrier density, and m ν x , m ν y , and m ν z are the effective masses of the ellipsoidal band structure. It has been previously demonstrated that the MONAQO can simulate quantized subbands in the inversion layer and source-drain tunneling, and so, it is applicable to quantum transport simulations in nanoscale MOSFETs [7] - [9] . Fig. 3(a) . On the other hand, as seen in Fig. 3(b) , the drain current for L ch = 10 nm slightly increases when inelastic emission processes are included. A similar increase in drain current when the inelastic emission process is included has been recently reported for carbon nanotube MOSFETs under low-V G conditions [14] . However, in the latter case, the inelastic process significantly decreases the drain current when the gate voltage exceeds a well-defined threshold. Such a drain current decrease for large V G is not observed in Fig. 3(b) , but instead, the drain current approaches the ballistic current. This may be because the 3-D carrier transport is simulated here with a quantum correction.
C. Simulation Results
We computed the average electron velocity profiles, as shown in Fig. 4 , where (a) L ch = 30 nm and (b) L ch = 10 nm, and the gate voltage is 0.5 V. The lower portion of each figure summarizes the source-end velocities v s , defined as the electron velocity at the bottleneck point. It is found that elastic and inelastic absorption processes decrease v s for both channel lengths. On the other hand, inelastic emission processes have the opposite effect on v s for the longer channel length. That is, the inelastic emission process increases v s for L ch = 10 nm, which is in agreement with Natori's prediction [11] , [12] , whereas it decreases v s for L ch = 30 nm. To further probe the dependence on inelastic emission processes, we examined variations in the potential profiles, as shown in Fig. 5 for (a) L ch = 30 nm and (b) L ch = 10 nm. The plotted profiles are averaged over the carrier density in the vertical direction. The effects on localized phonon emission in the drain side of the channel are also plotted to clarify the influence of charge accumulation during the inelastic emission process. For L ch = 30 nm, the bottleneck barrier is found to broaden due to the accumulated charges, even due to localized phonon emission in the drain side of the channel (y = 20−30 nm). Therefore, inelastic phonon emission influences the carrier transport via the modulation of the source-end potential in a long-channel device, and consequently, the drain current decreases.
On the other hand, the source-end potential shape hardly changes due to scattering for the shorter channel device, as shown in Fig. 5(b) , implying that the charge accumulation has a negligible influence on the potential profile in ultrashortchannel MOSFETs. Consequently, the suppression of backscattering due to inelastic phonon emission can give rise to a ballistic current in the short channel device. It is likely that the different dependence of inelastic phonon emission on L ch results from the different lengths of the bottleneck barrier. Therefore, it may be possible to enhance the ballisticity by reducing the bottleneck barrier length, as discussed in the next section. 
III. SOURCE-END POTENTIAL ENGINEERING
Several ideas have previously been proposed to realize lateral channel engineering, such as asymmetric channel doping [15] and hetero-material gate with dual work functions [16] , [17] . In this paper, we employed a hetero-material gate structure with dual work functions because the channel region is undoped. Fig. 6 shows the device structure with two different gate work functions, 4.42 and 4.05 eV, in both the top and bottom gate electrodes. Here, L ch = 30 nm, and the smaller work-function region extends from y = 10 to 30 nm in the channel. The potential profile computed at V G = 0.5 V is shown in Fig. 7 , which is similar to that in [18, Fig. 3 ]. The same length of bottleneck barrier as for L ch = 10 nm with a constant work function is obtained for L ch = 30 nm with source-end potential engineering. As a result, the source-end velocity is significantly enhanced, as shown in Fig. 8 . It is noteworthy that, even in this long-channel device, the source-end velocity increases due to inelastic phonon emission, just as shown in Fig. 4(b) . These results indicate that the reduction of the bottleneck barrier length to the nanometer scale is required to enhance the ballisticity due to inelastic emission processes.
We confirmed that the drain current increase due to inelastic phonon emission is obtained in the long-channel device, as shown in Fig. 9 for V D = 0.6 V. The current reduction due to elastic processes is more striking in Fig. 9 than in Fig. 3(b) because the longer the channel, the greater the number of elastic events. Finally, Fig. 10 compares I D -V G characteristics for L ch = 10 nm with a constant work function, L ch = 30 nm with a constant work function, and L ch = 30 nm with source-end potential engineering. We see that the same current drive as in the L ch = 10-nm device can be obtained by employing sourceend potential engineering in a longer channel device.
These results suggest that source-end potential engineering is effective in achieving ballistic current in Si MOSFETs. Although the same lithography technique as used for 10-nm channel devices is probably required to pattern the two different gate work functions, source-end potential engineering might be useful in designing ballistic MOSFETs with superior immunity to short-channel effects. To examine how effective the sourceend potential engineering is in practice, we need to investigate surface roughness scattering with a fluctuation in the subband energy profiles in an ultrathin body structure [19] .
IV. CONCLUSION
Understanding scattering effects is increasingly important for practical design of Si MOSFETs with 10-nm-scale channel lengths. In this paper, we found that, as the channel length is reduced to the 10-nm scale, inelastic phonon emission processes help achieve ballistic current, even in the presence of scattering, which is in agreement with Natori's predictions. However, for longer channel devices, inelastic phonon emission processes degrade the drain current due to space charge effects caused by the associated charge accumulation. We further demonstrated that reducing the bottleneck barrier length to the nanometer scale is required to enhance the ballisticity due to inelastic phonon emission. Based on these findings, we propose that source-end potential engineering can improve the ballisticity. 
